Background: This study was performed to explore the mechanism underlying tinnitus by investigating the changes in the synaptic ribbons and RIBEYE expression in cochlear inner hair cells in salicylate-induced tinnitus. Methods: C57BL/6J mice were injected with salicylate (350 mg/kg) for 10 days and grouped. Behavioral procedures were performed to assess whether postsynaptic glutamate receptor 2&3 protein in basilar membrane samples were examined RIBEYE expression. Serial sections were used to build three-dimensional models using 3ds
Introduction
Tinnitus, described as a type of phantom sound (ringing of the ears), is a subjective perception of sound in the absence of corresponding external sources [1] . Tinnitus is a common symptom of hearing impairment that affects millions of people worldwide [2, 3] . There is no effective therapy for it at this time, and the related biological molecular mechanism remains unclear. For example, the pathological changes and signaling pathways involved in the development of tinnitus are still under debate. It is undoubtedly necessary to clarify the biological changes and molecular mechanisms to develop effective therapies for Natriumsalicylicum (salicylate), the active component of aspirin, is widely used for its can induce reversible tinnitus in both humans and animals [4] [5] [6] [7] [8] [9] [10] [11] . Therefore, salicylate is commonly utilized to induce tinnitus in animal models for studies of tinnitus, and salicylateinduced tinnitus could be detected by the conditioned suppression/avoidance procedure [11] . However, the mechanisms of salicylate-induced tinnitus are still controversial and uncertain. Jung et al reported that salicylate ototoxicity is associated with decreased levels of vasodilating prostaglandins and increased vasoconstricting leukotrienes in the perilymph, as anatomical changes in the structure of inner ear, including the hair cells and vascular and supporting tissues in the cochlea [1] . Boettcher and Salvi reported that treatment with 300-450 mg/kg salicylate did not cause hair cell loss in chinchillas [13] . The same results were reported in other research, demonstrating that salicylate does not alter the number or distribution of hair cells [13, 14] . Other authors reported that salicylate might inhibit the electromotility of outer hair cells, resulting in hearing loss and tinnitus [15, 16] . Studies also revealed that salicylate might induce tinnitus through activation of cochlear NMDA receptors 18]. Investigating the micro-morphological changes in the hair cells and related mechanisms the development of therapies for it.
Recently, studies have demonstrated that inner hair cells (IHCs) in the cochlea are involved in the pathological process of tinnitus induced by noise exposure and salicylate [19, 20] . IHCs are responsible for transmitting signals of sound frequency and intensity to the central nervous system (CNS) in mammals [21] . The synaptic terminals of IHCs are ribbon synapses, a type of special proteinaceous organelle that tethers large numbers of synaptic vesicles near the active zone where neurotransmission occurs [22] . Ribbon synapses acquired their name due to their ribbon-shaped spatial distribution, and they function as a synaptic connection between IHCs and the afferent nerve endings of spiral ganglion neurons by releasing neurotransmitters [23] [24] [25] . Effective IHC synaptic ribbons are essential for normal the mechanisms by which ototoxicity causes damage to synaptic ribbons are still unknown. We hypothesized that changes in the number or distribution of ribbon synapses might be one possible mechanism in the salicylate-induced tinnitus. The main component of synaptic the normal structure and function of IHCs as well as ribbon synaptogenesis, and it maintains the normal acoustic and vestibular functions of the cochlea by evoking innervation of the afferent nerve and affecting the calcium channels localized in the ribbon active zones of hair cells [8] . However, the changes in RIBEYE due to salicylate-induced tinnitus have remained unclear. We hypothesized that the alteration of RIBEYE expression levels is associated with morphological changes of ribbon synapses during the pathological process of tinnitus.
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Therefore, the clinically relevant aim of this work is to reveal the basic evidence related to applications of salicylate in clinical practice.
In the present study, we aimed to investigate the effects of the administration of salicylate on the morphology and quantity of ribbon synapses in the process of tinnitus. Furthermore, we also aimed to investigate the changes in RIBEYE expression levels in the process.
Materials and Methods

Animals
University (Shenyang, China). Their auditory brainstem response (ABR) results were normal. Mice with outer and middle ear diseases were excluded from the experiments. All procedures were performed in accordance with the animal protocol approved by the animal care and use committee and with the guide for the care and use of laboratory animals (NIH Publication No. 85-23, revised 1996) .
Antibodies
Goat anti-mouse CtBP2 (E-16) (Santa Cruz, CA, USA, diluted at 1:100), rabbit anti-mouse GluR 2&3
anti-rabbit IgG TR (Santa Cruz, CA, USA, diluted at 1:100) antibodies were utilized in this work.
Optimal conditioning stimulus
Animals were randomly divided into four groups (n=5 in each group) according to the conditioned stimuli of various sound frequency levels (4, 10, 16 or 24 kHz) at the same intensity level of 60 dB. Then, correct responses to real auditory stimuli and responses to phantom sound sensations or tinnitus (represented as false positive responses) were measured on the third day after a salicylate injection [9] . Animals were also divided into three groups (n=5 in each group) according to conditioned stimuli intensity active avoidance score was also checked among all these groups.
Auditory brainstem response (ABR) recording
Changes in auditory function were evaluated by measuring auditory brainstem responses (ABRs). 10 d groups, respectively, before and after the administration of salicylate. The positive needle electrode was inserted subdermally at the midline of the vertex of the scalp between the external auditory canals, the negative electrode was placed below the pinna of the left ear and the ground electrode was placed contralaterally. Tone bursts of 8, 16 and 24 kHz (10 ms duration, 1 ms rise and fall time) were generated using Smart-EP by Intelligent Hearing Systems (USA) and delivered to the left external auditory meatus in a closed acoustic system through an ear bar connected to a DT-48 transducer (Beyer Dynamic, Farmingdale, was viewed using an oscilloscope and recorded. Thresholds were determined by reducing the sound shifts were calculated for individual animals by comparing the results with their pre-exposure thresholds.
Drug administration
The mice were randomly divided into the salicylate group and control group. Salicylate (350 mg/kg) was injected intraperitoneally on the 1 th , 9 th and 10 th days of the experiment for the salicylate group. The experimental group consisted of ten mice that were not administered salicylate on day 0. In the control group, mice received the same amount of saline on the same days.
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Behavioral procedure Animals were housed individually in a temperature-controlled room on a constant 12 hr light/ dark cycle. All behavioral tests were conducted during the animals' activity period (the dark phase) at approximately the same time each day. Food and tap water were available in the home cage throughout the experiments. The behavioral protocol of the mice is displayed in Fig. 1 .
Animals were trained to perform an active avoidance task [18, 31] . Both "conditioning" and "testing" were performed in a conditioning box that was divided into two parts by a low wall (3 cm high), with
The conditioning paradigm consisted of dispatched sessions. A session of 10 trials, lasting 30 min, was performed daily. A 5 s pure tone sound was used as the "conditioning stimulus," and the unconditioned conditioned and unconditioned stimuli was 2 s. Electrical shocks were stopped if the animal correctly was the level of performance as assessed by the number of times the rat correctly climbed in response to sound. Animals were considered conditioned when the level of performance reached at least 80% in three consecutive sessions. After 10-14 days, the mice were trained to associate auditory stimuli with the auditory stimuli. The animals then received daily intraperitoneal injections of normal saline alone (n = 10) or 350 mg/kg salicylate (n respectively. Two parameters were measured: the number of correct responses to sound (score) and the number of responses without sound (false positives).
Behavioral testing
experiments. The behavioral testing protocol consisted of a daily measurement of both the score (correct responses to sound) and false positive responses (incorrect responses to phantom sound sensations). False positive responses were the number of times the animal climbed the wall during inter-trial periods (i.e., responses during silent periods). If animals stayed on the wall for over 10 sec, they were put down on the response to sound. Regardless of the score and number of false positive responses, each session included 10 trials and lasted 30 min. Both scores and false positive responses were measured in the same session.
anesthetization with 10% chloral hydrate, the animals were decapitated, and the cochleae were quickly Table 1 . A total of 30 PCR cycles were performed to amplify RIBEYE protein were photographed with a ChemiImager5500 gel image analysis instrument (Alpha Innotech, USA). The
Western blot analysis
each group was prepared in 1 ml of an ice-cold lysis buffer (2 mM EDTA, 10 mM EGTA, 0.4% NaF, 20 mM
Statistical analysis
Statistical analyses were performed using SPSS 13.0, and the data are presented as the mean ± SD.
Results
Optimal conditioned stimuli
were divided into four groups (n=5 in each group) according to conditioned stimuli of 4, positive responses were measured on the 3 rd d after the salicylate injection. The numbers of false positive responses were 0.65±0.24 (4 kHz), 4.25±1.05 (10 kHz), 2.25±0.0.46 (16 P<0.01, Fig. 2A) . Then, the animals were divided into three groups (n=5 in each group) according Animals were conditioned to perform a motor task (i.e., to jump on a wall) in response to the presentation of a sound. We measured the number of false positive responses in the salicylate-treated animals during silent periods. As shown in Fig. 3 , salicylate injections 
Salicylate did not cause notable changes in the ABR results
We examined whether salicylate caused inner ear dysfunction in the mice by performing ABR testing. We used wave III to measure ABR thresholds because this was the most detectable response at lower-intensity reference stimuli. ABR testing was performed at 24 h, between mean ABR threshold shifts in the salicylate and control groups for 8 kHz stimuli (Fig. 4) . The ABR results for 16 kHz and 24 kHz stimuli were similar to the 8 kHz results (data not shown). injections a laser confocal microscope, and the serial sections were used to build three-dimensional models using 3ds MAX software. Ribbon synapses were distributed in the basilar part of the IHCs (Fig. 5) . We observed that both the number of bright spots and their densities increased th to the 10 th d, th d after the salicylate injection, then subsequently decreased. The number of synaptic ribbons in the inner hair cells of the salicylate injection group was th d (Fig. 6 ).
contributing to normal IHC structure and function [32] . In the present study, we investigated Fig. 4 . Estimation of the acoustic sensitivities of mice before and after the administration of salicylate and saline. Black dots and triangles show the means of the threshold shifts for the 8 kHz stimulus before and after the administration of salicylate and normal saline at 0 d, 1 -le differences were observed before and after salicylate injections in either the experimental difference between the two groups. implies GluR 2&3 labeled with TR and represents the postsynaptic membrane label. Images were produced using two -dicates the presence of a complete ribbon synapse. Three-dimensional mocolor pairs was performed using 3DS MAX software. Each marker (ball) is a the presence of a ribbon synapse. The above pictures show that the number of ribbon synapses increases and then decreases with injections of salicylate for 10 days compared to the control group. Scale bar= that the change in RIBEYE might serve as a compensatory mechanism that is subsequently decompensated, or it may indicate a type of negative feedback in salicylate-induced tinnitus. , which might not be comparable to previous studies because the animal models and stimulus conditions were different. The behavioral assessment results showed that the number of false positives and the percentage of correct responses increased and decreased from the 3 rd d respectively, indicating that salicylate-induced tinnitus occurs in animal models. ABRs were recorded to investigate changes in auditory brainstem function under the administration of salicylate.
control group and the salicylate group on days 0-10. Then, we investigated the effects of salicylate on the morphology and quantity of ribbon synapses as well as RIBEYE expression levels in the process of tinnitus. The results demonstrated a peak-like change in the ribbon synapses. The amount and distribution of ribbon synapses increased from the 5 th d, reached th initial level. Similarly, the expression of RIBEYE mRNA and protein also reached a maximum th d and returned to the initial (0 d) level on the 10 th d. To the best of our knowledge, expression in the process of salicylate-induced tinnitus.
8, [36] [37] [38] . In this work, we performed experiments with salicylate at a concentration of 350 mg/kg based on the literature [4, [39] [40] [41] [42] [43] . The mechanism of salicylate-induced tinnitus and biological changes related to it remain unclear. It would be of great importance to investigate the effects and mechanisms of salicylate on tinnitus to clarify the pathological mechanism of tinnitus, to develop therapies for tinnitus and to use salicylate more safely. The injection of salicylate leads to a drastic increase in the number of false positive responses according correct responses decreased from the 3 rd d to the 10 th d, indicating that the animals in the salicylate group might be experiencing phantom sounds (tinnitus) from the 3 rd d to the 10 th threshold shift between the salicylate and control groups. Previous morphological studies have also revealed that salicylate did not change the structure of the inner ear or the number or distribution of IHCs [1, 13, 14, 44] . In the present study, the fact that salicylate did not change ABR thresholds indicates that salicylate did not cause any hearing impairment, which should be avoided in the study of tinnitus. However, our previous study demonstrated as changes to ABR thresholds [45] . The difference in ABR results might be due to the use of different ototoxic agents (salicylate versus gentamicin). The ototoxicity of gentamicin causes synaptic function, which occurred in the local region between IHCs and SGNs because ABRs brainstem pathway. Other targets in the cochlea, such as OHCs, IHCs, and SGNs may also be involved [21] . Combined with the unchanged ABR, it might be reasonable to infer that the administration of salicylate does not cause any obvious damage to the auditory nucleus in the brain stem. Thus, it is reasonable to consider that salicylate may cause tinnitus through micro-morphological and molecular changes in ribbon synapses. Therefore, it is necessary to further investigate the micro-morphological and molecular changes that may be occurring in salicylate-induced tinnitus.
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Ribbon synapses, the synaptic terminals of IHCs, function as synaptic connections between IHCs and afferent nerve endings of the spiral ganglion neurons by releasing proteinaceous neurotransmitters from synaptic vesicles near the active zones of IHCs [22] [23] [24] [25] . The normalization of IHC synaptic ribbons is essential for hearing [26] . However, very few studies could be found describing the changes in ribbon synapses. We hypothesized that the number or distribution of ribbon synapses might be changed in the salicylate-induced tinnitus process, which could be one possible mechanism for salicylate-induced tinnitus. As the mice, but the numbers of IHC ribbon synapses were different between the salicylate and control groups. The numbers of synaptic ribbons in IHCs were similar between the salicylate and control groups on the 1 st and 3 rd d. The number and distribution of ribbon synapses th d and decreased from the 8 th d to the 10 th d, which was consistent with than the control group results on the 10 th d. Changes in the numbers of ribbons seemed to lag behind behavioral measures and molecular changes in RIBEYE. Reasons for this may than the changes in the molecular expression of proteins and, therefore, require more time to be observable. The increase in the ribbon number might also be accelerated in the the process. Second, changes in RIBEYE expression might cause changes to the molecular structure and biophysiological function of the ribbon synapses that occur before the number of synapses changes. The mechanisms underlying noise-induced hearing loss and tinnitus may be different from those of salicylate-induced tinnitus. Ribbon loss can be observed in sound transduction into the central nervous system in the presence of noise. However, auditory signal transduction might be reduced in the acoustic injury induced by salicylate, with ribbon synapses increasing as a positive feedback or compensatory mechanism. Our previous study also revealed that the change in ribbon numbers took place prior to that of IHCs in animal models of tinnitus, indicating that ribbon synapses might be more sensitive served as a compensatory mechanism in the early stage of tinnitus and decompensated if ototoxic damage continued.
There are multiple factors that may explain why salicylate can damage IHCs. First, potassium currents [20] . Salicylate could also reduce synaptic transmission in the medial geniculate body, causing abnormal thalamic outputs to the auditory cortex and contributing to salicylate-induced tinnitus [42] . Hence, the number of synaptic ribbons will be increased the concentration of Ca 2+ in the presynaptic membrane will be raised, as salicylate acts as a carrier of Ca
2+
. It causes up-regulation of glutamate receptor expression on the postsynaptic membrane, resulting in glutamic acid-induced neurotoxicity to auditory neurons [46] . Third, salicylate might alter the genetic expression of RIBEYE, the main component of synaptic and a C-terminal B domain that is identical to CtBP2, a transcriptional repressor related maintaining the normal structure and function of hair cells, ribbon synaptogenesis and the normal acoustic and vestibular functions of the cochlea [32] . We supposed that the expression of RIBEYE might be altered along with the number of ribbon synapses in salicylate-induced tinnitus. The results of RT-PCR and Western blot assays demonstrated that the expression of RIBEYE mRNA and protein was up-regulated by the stimulus of salicylate, which might result tinnitus. Consistent with the data obtained with ribbon synapses, RIBEYE expression was the increased expression of RIBEYE might be a type of compensatory feedback mechanism during the early stages of salicylate-induced acoustic injuries and would ultimately be inhibited, or it could function as a decompensatory or negative feedback mechanism if the ototoxic damage continued. Ribbon synapses may undergo reconstruction or exhibit molecular structural alterations, resulting in unparalleled changes to RIBEYE expression and ribbon numbers. However, details on the role of and alterations to RIBEYE are still unclear and merit further research. Taking these results together, it might be reasonable to infer that the alteration of RIBEYE expression and function could be one possible mechanism underlying salicylate-induced tinnitus.
In conclusion, this study suggested that tinnitus in mice can be induced by salicylate and ribbon synapses and RIBEYE expression showed a trend from increasing to decreasing. These results indicated that the number of ribbon synapses was altered during the development of tinnitus, which might be a type of compensatory mechanism in the early stages of ototoxicity and could contribute to tinnitus later. The alteration of RIBEYE expression could be one possible mechanism underlying the change in the morphology of ribbon synapses as well as salicylate-induced tinnitus. Hence, the mechanism of the change in ribbon synapse structure and function merits further research.
